Abstract-
INTRODUCTION
Raman spectrometers can be used for accurate chemical detection in the field. A handheld Raman spectrometer, operated at 785 nm, has a Raman shift resolution of 6-8cm -1 and has a battery life of 5 hours [1] . A tunable spectrometer on a chip would offer better resolution and have lower power requirements. One possible tunable optical filter for use as a spectrometer is a Fabry-Perot interferometer (FPI) which offers high wavelength selectivity and can be integrated into a small device. An integral part of the FPI is the mirrors that define the resonant optical cavity. A Fabry-Perot based spectrometer was previously demonstrated on a macro scale for atmospheric absorption measurements [2] . Instead of using a FPI for Raman spectroscopy, a better alternative would be Surface Enhanced Raman Spectroscopy (SERS) where the Raman signal intensity can be enhanced to greater than 10 5 over Raman spectroscopy [3] . SERS still has the advantage of unique analyte spectrums but with more intense signals. A FPI provides a high degree of wavelength selectivity to block the Rayleigh line and to scan individual Raman shifted peaks for use in SERS. A micro electro-mechanical system (MEMS) based FPI design for SERS on a chip was chosen because of the small size, availability of precision commercial foundries, low power tuning, high wavelength selectivity and SSC PAC's previous experience in MEMS FPI design [4] .
In this work, SWG designs are for an incident wavelength of 1.5 μm. The materials used are Si and SiO 2 because of the negligible absorption for design purposes around the incident wavelength. The SWGs are compared with dielectric stack mirrors as a performance baseline. The wavelength resolutions of SWGs in a FPI configuration are presented with attention to the Raman shift resolution. This paper is organized into four sections. Section II describes the figure of merit and mirror design methodology, Section III describes the mirror and FPI results and Section IV summarizes the paper.
II. MIRROR DESIGN
The mirrors were designed to have the highest reflectance because for an ideal FPI a figure of merit is the reflection finesse, N R , which is only dependent on reflectance. For an R near unity, the reflection finesse is approximately [5] 
The higher the reflection finesse is, the higher the wavelength selectivity of the FPI. The maximum transmission through the FPI at normal incidence, when n is an integer, is given by
where n is the order of interference, μ is the permeability of the material in between the mirrors, λ is the incident wavelength and d is the mirror spacing. The free spectral range (FSR) is the distance between interference orders the FPI can scan before overlapping and is given by If Full Width at Half Maximum (FWHM) of the transmission peak through the FPI is the criterion for spectral peak resolution, then the resolving limit, r limit , of a FPI is
One way to fabricate mirrors for a MEMS FPI is to use high and low index of refraction dielectric layers, Fig. 1 . In order to achieve high reflectivity, many layers are needed which can increase the stress that then degrades the reflectivity due to mirror bowing [6] . Reflectance and transmittance were investigated for the dielectric stacks using IMD, which is a specular and nonspecular optical function multilayer solver [7] . The first mirror stack consists of Si-SiO 2 -Si layers where each additional mirror stack is considered to be an additional SiO 2 -Si layer. Si and SiO 2 were modeled without absorption in the region of interest. For a peak reflectance at 1.5 μm the thicknesses are 108 nm and 260 nm for Si and SiO 2 , respectively. All simulations were done with light incident normal to the plane of the layers. The SWGs were designed using a commercial software package, DiffractMOD, which uses Rigorous Couple Wave Analysis (RCWA) to solve for optical functions [8] . The software allows for parametric stepping of many design features in order to narrow in on a design. RCWA software assumes an infinite periodic array so no edge effects were considered in the presented results and only one period of the SWG needs to be modeled. The software was validated by simulating SWG designs from [9] . All simulations were done with light incident normal to the plane of the SWGs.
Subwavelength diffraction gratings (SWGs) have been used to make highly reflective mirrors but are polarization dependant and were modeled as having an infinitely thick bottom Si layer, which would not work in a transmission based optical filter [10] . Model 1 and Model 2 SWGs were designed to be polarization independent by choosing circular shaped top features, having high reflectance for an incident wavelength of 1. 
III. MIRROR DESIGN RESULTS
The reflectance vs. incident wavelength for dielectric stack mirrors is show in Fig. 3a . At a wavelength of 1.5um the 4 stack dielectric mirror has a R of 0.9997. A noticeable dropoff in reflectance at longer wavelengths is due to the mirror layer thicknesses being designed for a peak reflectance at 1.5μm. If the incident wavelength is 1.5μm and the desired wavelength resolution is 0.5nm, which is a Raman shift resolution of ~2.2cm -1 , the cavity finesse needs to be greater than 3000. The reflection finesse vs. incident wavelength is shown in Fig. 3b . A dielectric mirror with four mirror stacks has the required finesse for 2.2cm -1 Raman shift resolution across the simulated incident wavelength values. In cid e n t W ave le n g th (u m )
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The SWG designs have higher reflectance with less dielectric layers but at a reduced bandwidth. Model 1 SWG reflectance vs. incident wavelength is plotted in Fig. 4a and has a R>0.99 from 1.37-1.6 μm. Model 2 SWG reflectance vs. incident wavelength is plotted in Fig. 4b and has a R>0.99 from 1.46-1.69 μm. At a wavelength of 1.5 μm Model 1 and 2 have a R of 0.9998 and 0.9994, respectively. The reflection finesse vs. incident wavelength is shown in Fig. 5 for both Model 1 and Model 2 using (1). The sagging of the reflection finesse across the spectrum will degrade the device resolution as seen from (4). The 4 stack dielectric mirror exhibits a more uniform broadband reflection finesse than both Model 1 and Model 2.
Model 1 and Model 2 SWGs were configured to form a FPI resonant cavity. When the cavity is at a spacing that is resonant for an incident wavelength of 1.5 μm the FWHM of the transmission peak is 0.00108 and 0.0265 nm as seen in Fig. 6 for Model 1 and Model 2, respectively. This corresponds to a Raman shift resolution of 0.0052 and 0.012 cm -1 for Model 1 and Model 2, respectively. Model 1 cavity spacing corresponds to the second order transmission peak because the first order is not well behaved while Model 2 cavity spacing corresponds to the first order. For a cavity spacing corresponding to maximum transmission at an incident wavelength of 1.6 μm the FWHM is 2.3 and 0.406 nm for Model 1 and Model 2 respectively. This corresponds to a Raman shift resolution of 9 and 0.16 cm -1 for Model 1 and Model 2 respectively. Also the FWHM for Model 2 at 1.6µm corresponds to a larger reflection finesse than what is shown in Fig. 5 . This is possibly due to d in (2) being the distance between the SWGs and not some effective cavity spacing where the index of refraction and SWG design are taken into account. Model 2 has a better Raman shifted resolution than the handheld Raman spectrometer. 
IV. CONCLUSION
SWGs offer higher reflectance than a similarly layered dielectric mirror. Only when the mirror stacks increases to 4 does the dielectric mirror have comparable reflectivity to the SWGs for a laser wavelength of 1.5 μm. The SWGs bandwidth is not as large as the 4 stack dielectric mirror so the maximum measurable Raman shift would be more limited. The SWG FPI resolution needs to be found from measuring the FWHM and not calculated from (4). Model 2 exhibits finer Raman shift resolution than the 3 dielectric stack mirror at 1.5 and 1.6 μm. A FPI with Model 2 SWG or a 4 stack dielectric mirror has a finer Raman shift resolution than the handheld system. The improvement of FPI mirrors allows for a SERS MEMS device with low analyte concentration detection and remote sensing applications. 
